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Abstract—Secondary distribution networks generally perform as 
well as its LV feeders are performing. The main problem that a 
feeder is experiencing would be the load unbalancing due to the 
stochastic nature of its individual single-phase loads: larger losses 
in certain phases accompanied by bad voltage regulation and 
voltage unbalance. In order to address this problem, it may be 
economical to install apparatus to automatically balance or 
partially balance the loads progressing from the end of the feeder 
towards the front using smart devices based on a three-ways 
switch selector and an artificial intelligence algorithm to 
minimize the neutral current. The main idea behind this paper is 
therefore to keep the three phases progressively balanced along 
the whole length of the line. A Support Vector Machines (SVM) 
implementation and a heuristic method are presented as the 
numerical algorithms. 
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I.  INTRODUCTION  
The distribution network is an important part of the total 
electrical supply and its performance should ensure a good 
quality of supply.  It has been reported that approximately 80% 
of the customers’ interruption are due to failure in the 
distribution network. Such performance concerns include 
overloading of transformers and cables, excessive technical 
power loss, incorrect load voltage profile, phase voltage and 
current imbalances. Some of these often produce 
malfunctioning of protective relays, and poor quality of power 
delivery to the consumers, very high energy losses of 20-40 
percent against international standard of 8-10 percent [4]. To 
avoid these, new distribution systems should have means of 
automatically detecting problems in the network and take 
decisions to provide remedies and optimum performance 
operation at all times at MV and LV levels. 
Various methods from the standpoint of feeder loss 
reduction and load balancing mainly for primary distribution 
systems aiming at network reconfiguration have been proposed 
[1]…[11]. Under normal conditions, load balancing is usually 
achieved by feeder reconfiguration and redistributing load 
currents among feeders and transformers [4], [9], [12], [13]. 
Recently, some authors proposed the improving performances 
of the distribution system using distributed generation [19]. 
Even then, this is insufficient; it should be complemented with 
other techniques ensuring dynamic load balancing along a LV 
radial feeder.  
The classic way to balance a LV radial feeder is trial and 
error. This involves field measurements and operator judgment. 
However, due to the inherent dynamic of the loads, this 
approach works for a limited period of time [14], [17] and 
service interruption is unavoidable. Hence, the load 
rearrangement among the phases of the feeder should be the 
subject of automation. 
This paper proposes such an automatic reconfiguration 
technique based on artificial intelligence and power electronics 
that is able to ensure optimum operating performance under 
dynamic load variation. The numerical algorithms used in this 
paper are a heuristic method and a support vector machine 
(SVM) based method. The main idea is to keep the phases 
balanced along the length of the feeder line. Groups of loads 
are normally connected to distribution boxes along the line. By 
balancing the loads at each distribution box along the line, the 
neutral current coming from each distribution box should be 
close to zero. 
The layout of the paper is as follows: section II describes 
the modeling of the performance of the distribution system. In 
section III the proposed method of the radial feeder with a 
smart device is discussed. Section IV introduces the 
optimization algorithms, followed by some numerical results. 
The paper then ends with a conclusion. 
II. DISTRIBUTION SYSTEM PERFORMANCE 
The performance of the distribution system is related to 
power losses, power flow, voltage regulation and overloading 
[1], [3], [4], [12], [14]. 
When reconfiguring the distribution network some 
objective functions are observed [13], [14], [15]. 
A. Total Line Losses 
Minimizing the system losses is usually the objective of a 
power utility: 
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.                      (1) 
B. Total Complex Power Unbalanced 
The complex power in a three-phase system is expressed as 
 (j = a, b, c are the three phases). The unbalance of these 
three complex powers can be evaluated as follows: 
,                       (2) 
where: 
.                                            (3) 
This is considered for a typical ith  feeder. An evaluation of 
 indicates that the complex power is balanced. 
C. Average Voltage Drop 
Another important parameter for operating a distribution 
system is the voltage drop. A good balanced load will reduce 
the voltage drop. The average voltage drop for a radial feeder 
can be expressed as: 
,                                             (5) 
where m is the number of load points and 
, (6) 
with Vrated - the rated voltage,   - the magnitude of the 
phase voltage at load point j and VDi - the average of the three 
phase voltage drop at load point i. 
D. Voltage Unbalance Factor 
The voltage unbalance factor for a three-phase system is 
expressed as a function of zero and negative sequence [16]: 
,                               (7) 
.                          (8) 
III. PROPOSED RADIAL FEEDER WITH SMART DEVICE 
A. Conventional Radial Feeder 
Fig. 1 shows a conventional radial feeder where the loads 
are fairly evenly distributed along the feeder. When the loads 
are hard connected the feeder is prone to big unbalances due to 
the great variation in consumption of each load. Balancing this 
type of feeder was proposed [14], [17], [18] by using a three-
ways selector switch. 
 
 
 
Fig. 1 Classic radial feeder with “distributed” loads 
The automation algorithms used in the mentioned works 
were considering the loads globally and thus the balancing was 
guaranteed mainly at the feeding transformer. The voltage 
balancing and power losses along the feeder are not necessarily 
achieved and thus if the neutral line brakes then a hazardous 
neutral potential can damage customer appliances. 
 
B. Radial Feeder with Intelligent Device 
The present study proposes a radial feeder with 
“concentrated” loads (Fig. 2) connected to the feeder using the 
same type of three-ways switch selector. Each “concentrated” 
load is a distribution box (DB) with automatic switches 
controlled by an intelligent device aiming at balancing the input 
three-phase current system [Iph]k and thus minimizing the 
neutral current. Fig. 3 shows the basic diagram of a distribution 
box where few loads are “concentrated” and connected to the 
feeder.  
The main idea is to balance the loads connected to each 
distribution box, and then the neutral current coming from each 
DB should be close to zero. If the neutral line breaks, then the 
neutral voltage should not damage customer appliances. If the 
loads at each DB are balanced, then the total system should 
also be balanced. 
Fig. 2 Radial feeder with “concentrated” loads 
 
 
 
 
 
 
 
 
 
Fig. 3 Distribution box for “concentrated” loads 
This smart distribution box can measure the load currents 
and the three-phase current used by further located loads and is 
able to decide via the “control algorithm” which load should be 
connected to which phase. It is a generally accepted fact that 
the power factor of the ordinary users is close to unity and then, 
further, only the rms value of the current is going to be 
considered.  
For this feeder configuration, the power losses ( ) 
could be determined for each sector of the feeder: 
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,                         (9) 
with: 
,                         (10) 
where rl is the resistance of the sector of the line, Iak, Ibk, Ick and 
Ink are the three-phase and neutral currents in the sector. Note 
that by design the neutral conductor has double the cross-
sectional area as phase conductors. This means that the 
resistance of the neutral conductor is 50% of that of the other 
conductors. 
Total power losses in the feeder are: 
.                         (11) 
To minimize the power losses, according to (9) and (10), it 
means minimizing the neutral current which corresponds to 
having a balanced current system. When the balancing is done 
in each DB, then neutral current along the feeder is well 
minimized and thus greatly reducing the effects of a broken 
neutral. 
IV. OPTIMIZATION ALGORITHM 
The current system in the DBk point of connection can be 
written as: 
,                         (12) 
where: 
,                         (13) 
,                         (14) 
,                         (15) 
,                         (16) 
,                         (17) 
 
where a indicates the switch swk1 connection to phase a. If the 
load is connected to phase a, then a = 1. If not connected, then 
a = 0. The same principle holds for b and c, which respectively 
indicate the switch connections to phases b and c. The main 
constraint for each selector switch is: 
.                         (18) 
 
Even if the power factor is accepted as unity, the neutral 
current in a complex system is determined as: 
 
.                         (19) 
A. Optimization Function 
Balancing the current system in DBk it means to have fairly 
equal currents Iak ≈ Ibk ≈ Ick. Then the Least Squares objective 
function proposed for this study is: 
. (20) 
Optimization of this objective function means to minimize 
it by means of re-arranging the loads through selector switches 
swkj and as final result the neutral current is going to be 
minimized with all the benefits resulting from it. 
. (21) 
Apparently the current system follows linear algebra, but 
the status of switches is binary and eq. (21) needs a 
combinatorial method of solving. The objective function Jk will 
be minimized below a threshold value. 
B. Operation Mechanism 
At the turn-on moment the switching matrix is chosen just 
to have an equal number of loads per phase for any point of 
connection (DBk). For this study the number of loads per DB is 
taken as six which means in the moment of system energizing 
there will be two loads on each phase: 
. (22) 
Once the system is energized, the load currents are 
determined and sent to the microcontroller performing the 
control algorithm.  It then calculates the objective function Jk ; 
when the objective function exceeds the threshold  the 
automatic rearrangement starts. 
 
C. Optimization Algorithms 
Two optimization algorithms are considered, namely a 
heuristic method, and a support vector machine based method. 
 
 
1) Heuristic Method 
The optimization algorithm is based on a heuristic method. 
The first step is to calculate the ideal balanced phase current, 
which is the average of the 3 phase currents: 
.                         (23) 
 
For each phase calculate whether the phase is overloaded 
(should release some loads) or under-loaded (should receive 
some loads). The phases, which should release loads, are then 
sorted in descending order. This puts the larger loads at the top 
of the list. This sorting is done in order to minimize the 
number of loads to be switched to the receiving phases. 
Starting then with the largest load on the releasing phase, go 
down the list of loads and check if that particular load may be 
small enough to fit on the receiving phase (the load should be 
smaller or the same size as the unbalance on the receiving 
phase). If the load could be switched over, transfer it to the 
receiving phase and update the unbalance on the 3 phases. If 
there is still unbalance, continue this process by checking if 
the next load on the releasing phase will improve the 
unbalance on the receiving phase. 
 
Note that there could be different combinations of releasing 
and receiving phases: 2 receiving phases and 1 releasing phase, 
1 releasing phase and 2 receiving phases, 1 releasing phase, 1 
receiving phase and 1 balanced phase. 
 
2) Support Vector Machine Based Method 
Since for this application the load balancing is done for a 
few loads connected to a DB box, we will limit our study to 6, 
9 and 12 loads. This means each data set will either contain 6, 9 
or 12 loads. 
For the SVM method the loads are normalized first by 
dividing all the loads in a data set by the maximum value in the 
set. Then the loads are sorted in ascending order before 
applying the SVM to do the balancing. This sorting of the loads 
enhances the performance of the SVM [20]. 
For each of the sets of 6, 9 or 12 loads a separate SVM has 
to be trained. The inputs to the support vector machine are the 
different sets of load currents at each of the DBs, and the 
outputs indicate to which phase each load should be connected. 
The output of the network is from the set {1, 2, 3} for each 
load, i.e., which switch should be closed for that specific load 
to connect it to any one of the three phases (1 = phase a, 2 = 
phase b, 3 = phase c. In the case of 6 loads the SVM will have 
6 inputs and 6 outputs. In general if there are n loads, the SVM 
has n inputs and n outputs. 
For this paper we use only the non-linear Radial Basis 
function (RBF) kernel SVM. For the implementation we used 
MATLAB [21] and the Least Squares Support Vector 
Machines toolbox from [22]. The RBF kernel is given by 
,                         (24) 
 
where  is the variance of the Gaussian kernel. 
 
V. PRACTICAL RESULTS 
In order to validate the proposed algorithm, some practical 
data have been considered. The first application was done for a 
DB1 where there is no further current system. Actually, the 
efficiency of this controller should be done for strongly 
unbalanced local current systems. Table I shows the 
optimization algorithm for a random situation at the first point 
of connection. The results show a big improvement in 
balancing the system; it should also be noticed that for the far 
end of the feeder it is not always possible to have a below 
threshold optimization. 
TABLE I.  PRACTICAL RESULTS FOR DB1 
 
 
 
 
 
 
 
 
 
The second application was done for the second point of 
connection (DB2). For this, the [I](k-1) was taken from the 
results from DB1 after optimization in conjunction with another 
strong unbalanced [I]kj system. The results are presented in 
Table II. It can be observed an almost perfect balancing after 
optimization algorithms rearranged the loads. 
 
TABLE II.  PRACTICAL RESULTS FOR DB2 
 
 
 
 
 
 
 
 
 
 
To evaluate the performance of the SVM and the heuristic 
method, the current unbalance (UI) between the different 
phases (between phases 1 and 2 UI1-2), one and three (UI1-3), 
and two and three UI2-3) and the total unbalance (sum of the 
unbalance between the different phases (UIT)) will give an 
indication about the performance of the two methods. For the 
data sets of 6 loads, there were 815 sets of loads used as 
training data, for the data sets of 9 loads, there were 1384 
training sets, and for the 12 loads there were 2421 sets of loads 
used as training data. For all the different set sizes, 500 sets of 
loads were used for testing the algorithms. 
The results of the test data for each of the methods are 
shown in Tables III and IV. The simulations were done on an 
iBook G4 1.33 GHz computer. The performance parameters 
shown are calculated and added together for all of the 500 test 
data sets. For the results shown, the SVM gave better balancing 
results, but for larger load sets the heuristic method tends to 
perform better. Regarding the CPU time, the heuristic method 
is much faster than the SVM based method. 
Ia(k-1) Ib(k-1) Ic(k-1) xx Ia(k-1) Ib(k-1) Ic(k-1)  xxx 
0 0 0 0 0 0 
31.5 1 0 0 1 0 0 
16.9 0 1 0 0 1 0 
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1.2 0 0 1 0 0 1 
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TABLE III.  PERFORMANCE RESULTS FOR SVM METHOD 
Parameter 6 Loads 9 Loads 12 Loads 
UI1-2  (A) 11552 14917 15864 
UI1-3  (A) 9047.3 47552 32953 
UI2-3  (A) 12281 47981 19407 
UIT  (A) 32881 110450 68224 
CPU Time (s) 2.09 4.99 11.67 
 
TABLE IV.  PERFORMANCE RESULTS FOR HEURISTIC METHOD 
Parameter 6 Loads 9 Loads 12 Loads 
UI1-2  (A) 29289 41900 45056 
UI1-3  (A) 26704 37333 46260 
UI2-3  (A) 24083 30585 33877 
UIT  (A) 80077 109820 125190 
CPU Time (s) 0.81 1.43 1.82 
 
 
VI. CONCLUSIONS 
In this paper a novel method for balancing the loads in a 
radial feeder has been presented. Compared with other similar 
methods, this achieves a balancing along the feeder and thus 
minimizing the effects of the neutral line breaking. The 
numerical algorithms are based on support vector machines and 
a heuristic method. 
The technologies based on thyristors turned-on at zero 
crossing (for the three-way selector switch), current transducers 
and microcontroller (for optimization algorithm) for 
implementation of the proposed solution do exist. These 
technologies are well proven and their reliability is 
continuously improving. 
The scheme proposed here eliminates the manual 
reconfiguration of the unbalanced feeders and the running 
costs. 
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